Treatment of primary cultures of rat ovarian dispersates with IL-1 beta results in morphologic and cytotoxic changes, thought to reflect tissue remodeling events associated with ovulation. We examined the role that the free radical nitric oxide plays in this process and report that IL-1 beta induces expression of the inducible isoform of nitric oxide synthase in ovarian cells as demonstrated by immunoprecipitation. We show that IL-1 beta treatment results in the formation of nitric oxide (as measured by accumulation of nitrite and cGMP) in both a time-and concentration-dependent manner that is prevented by aminoguanidine, a selective inhibitor of the inducible isoform of nitric oxide synthase. Aminoguanidine also inhibits IL-1-induced ovarian cellular cytotoxicity. These results suggest that nitric oxide is an important mediator of cell death and may act as a physiologically significant mediator of tissue remodeling events that occur in vivo during the ovulatory process.
Introduction
Ovulation, the process by which a mature ovum is generated and released, has been described as an orderly sequence of events reminiscent of an acute inflammatory response ( 1 ). Indeed, recent studies have pointed to the macrophage and its secretory products as potential in situ regulators of ovarian function (2) . Specifically, IL-1-like activity has been demonstrated in follicular fluid (3, 4) , and it appears that acquisition of intraovarian IL-1 synthetic capacity is gonadotropin dependent (2) , pointing to an intermediary role for IL-1 in the ovulatory cascade. The perception that this cascade involves tissue remodeling and cell death, along with the observation that treatment of primary rat ovarian cell cultures with IL-1 pro-duces marked time-dependent morphologic changes, including irreversible detachment and cell death (5 ) , places IL-1 and the macrophage at the center of an incompletely described intraovarian network regulating follicular development and rupture.
Because of previous suggestions that IL-1-induced cytotoxicity in primary cultures of ovarian dispersates may be indirect and effected via secretion of soluble mediators (5), we hypothesized that the highly reactive free radical, nitric oxide (NO0),' whose diverse roles include regulation of vascular resistance and blood pressure, signal transduction, tumor cell killing, and resistance to infection (6) (7) (8) , might be a critical effector molecule of IL-l -induced cell death in ovarian cell culture.
Methods
Reagents. Incubation medium was serum free CMRL-1066 (Gibco, Grand Island, NY) with glutamine (2 mM), penicillin (50 U/ml), and streptomycin (50 ,g/ml). Collagenase type P and DNase were from Boehringer Mannheim Biochemicals (Indianapolis, IN). Aminoguanidine hemi-sulfate salt, aprotinin, and leupeptin were purchased from Sigma Chemical Co. (St. Louis, MO), and human recombinant IL-1/I (109 U/mg) was obtained from Cistron Biotechnology, Inc. (Pine Brook, NJ).
Tissue culture preparation. Ovarian cells were isolated from immature (21-25 d-old) Sprague-Dawley rats (Sasco, Inc., O'Fallon, MO) and dispersed as described previously (9) . Briefly, ovaries were harvested, cut into pieces, washed, and incubated in a collagenase-DNase solution of incubation media with 4 mg/ml collagenase and 10 ,g/ml DNase for 2 h at 370C. Successively smaller diameter Pasteur pipettes were then used to triturate the tissues, creating a cellular dispersate made up of a heterogeneous population of ovarian cells, including steroid secreting granulosa, theca, and interstitial cells, and resident ovarian macrophages (10, 11 Measurement of cGMP levels. cGMP accumulation was determined on ovarian dispersates incubated for 24 and 48 h as described above, followed by an additional 30-min incubation in fresh media containing I mM isobutyl-methylxanthine. Cells were isolated by centrifugation and cGMP was measured by radioimmunoassay as described previously ( 13) .
Quantitation ofcell death. Cell death was quantitated as described (14) by measurement of release of the soluble cytoplasmic enzyme LDH into culture supernatant. LDH content in 100-,d aliquots ofcellfree supernatant was measured spectrophotometrically at 340 nM using NADH and sodium pyruvate as substrates. Cytotoxicity was calculated as: ,Ml CMRL tissue culture media) were cultured overnight in a 24-well microtiter plate at 37DC under an atmosphere of 95% air and 5% CO2.
Cells were then washed three times with l-ml portions ofMEM methionine deficient media (9 parts methionine free MEM/ 1 part MEM containing methionine), and suspended in 400 Ml of this combination of media. The cells were cultured for 18 h with or without IL-1I3 ( 10 U/ml) in the presence or absence ofactinomycin D ( 1 MM). 300 ACi of [35SImethionine ( 1, 164 Ci/mmol, Trans "S-label, ICN Biochemicals, Inc., Irvine, CA) was added and the cells were cultured for 24 additional h. The media were removed and nitrite was determined as described above. The cells were washed three times with PBS, and then 0.5 ml of lysis buffer (0.1% Triton X-100, 0.1% BSA, 100 Mg/ml aprotinin, 100,ug/ml leupeptin, 10 mM PMSF, and 1 mM iodoacetamide) was added and the cells were incubated at 4°C for 1 h. iNOS was immunoprecipitated from the lysed cells as described previously ( 15) using iNOS polyclonal antiserum at a 1:750 dilution. Immunoprecipitated samples were separated by SDS discontinuous polyacrylamide gel electrophoresis using an 8% gel ( 16) .
Results
Effect of IL-I,# on nitriteformation and cGMP accumulation in ovarian cell culture. Fig. 1 a demonstrates that 10 U/ml IL-113 induces the formation of nitrite (a stable oxidative metabolite of NO0) by ovarian cells following both 24-and 48-h incubations with IL-13. Nitrite formation is blocked by nitric oxide synthase inhibitors aminoguanidine (17, 18) and N0-monomethyl-L arginine (data not shown). Similarly, IL-113 treatment results in a fivefold increase in cellular cGMP at 24 h and a threefold increase at 48 h (Fig. 1 b) . Aminoguanidine blocks cGMP formation at both time points. cGMP accumulation provides a sensitive index of NO' production because of the ability of NO to directly activate guanylate cyclase (6) .
Time and concentration dependence of IL-i]#-induced nitriteformation by ovarian cell dispersates. The time course of IL-11 induction of ovarian cell nitrite formation is shown in Fig. 2 a. Treatment of ovarian cells with 10 U/ml IL-113 induces a linear increase in the formation of nitrite from 24 to 96 h. Aminoguanidine prevents the formation of nitrite at all time points examined. The concentration dependence of IL-113-induced nitrite formation is shown in Fig. 2 b. IL-11 induces nitrite formation at a concentration of 10 U/ml, and nitrite production is substantially increased ifcells are treated with 50 U/ml IL-113; however, nitrite formation is not observed at concentrations of 1 U/ml or lower. Aminoguanidine (0.5 mM) completely blocks nitrite formation by ovarian cells treated with 50 U/ml IL-1,8. Inhibition ofNO synthesis attenuates IL-I-induced ovarian cellular cytotoxicity. Several reports have identified NO as the mediator of IL-11 induced cellular destruction in other experimental systems where induction ofcytotoxicity generally requires protein synthesis (18) (19) (20) . We studied the relationship between ovarian NO production and IL-l-induced cytotoxicity by examining the ability of aminoguanidine to prevent ILl3-induced ovarian cell death. Fig. 3 Identification ofiNOS in the rat ovary by immunoprecipitation. Polyclonal antibodies specific for the COOH-terminal 27 amino acids ofmouse macrophage iNOS were used to immunoprecipitate iNOS from ovarian cells treated with IL-13. 
Discussion
Our data demonstrate that IL-13 actively induces NO' synthesis in the ovary via induction ofexpression ofa 1 30-kD protein immunoprecipitated with iNOS antiserum. Moreover, the findings presented here establish that NO is a critical mediator of IL-1-induced cytotoxicity in ovarian cell culture. It is also likely that ovarian production ofNO is ofgreat importance in vivo. In addition to a cytotoxic effector role in tissue remodeling and ovulation, the molecule could also be a mediator (along with histamines and prostaglandins) ofthe vasodilation and resulting follicular hyperemia associated with early preovulatory events (21 ) such as follicular recruitment and selection. Although less well understood in terms of cytokine involvement, the process of follicular atresia would also seem to require the participation of short-lived cytotoxic mediators such as the NO molecule. Presently, the cellular source of ovarian NO synthesis is not known. Although a likely candidate is the ovarian macrophage, it is important to note that IL-1 has not been demonstrated to induce NO synthesis by the macrophage (22) . It is quite possible that other cells, particularly of nonhematopoietic origin, are capable ofexpressing iNOS, as has been shown in the pancreatic islet A-cell ( 18) and in endothelial cells ( 19) . The observations that neither purified granulosa or theca cell cultures alone exhibit the IL-1 cytotoxic effect, and that the effect can be recovered in co-culture ofthe two purified populations, suggests not only that IL-1 acts via induction ofa soluble mediator (5), which we have identified as NO0, but also that the cytotoxic effect requires specific interactions between the two cell populations to induce the expression ofNO' synthase. Regulation of NO synthesis in these two cell populations is currently under active investigation.
Other reports have identified NO production in reproductive tissues. NO release by noncholinergic, nonadrenergic neurons has been shown to be the major, if not only, neuronal mediator of smooth muscle relaxation of the corpus cavernosum and thus penile erection (23, 24) . Our description of NO0 production in another reproductive tissue, under very different conditions, mediating a fundamentally different process, points to intimate involvement ofthis "Janus-faced" molecule (25) at many disparate points in the reproductive process.
